A series of Ti-25Nb-8Zr-xCr (x = 0, 2, 4, 6, 8 wt%) alloys were designed based on DV-Xα cluster method and e=a-Δr diagram with an anticipation to obtain high plasticity and significant strain hardening. The designed alloys were produced through cold crucible levitation melting technique in order to effectively investigate their microstructures and mechanical properties. The addition of Cr significantly enhances the β stability in the microstructures of the Ti-25Nb-8Zr-xCr alloys. Both yield strength and hardness of the studied alloys increase due to the effect of solid-solution strengthening. By constrast, the plasticity, maximum strength and strain hardening rate are influenced by the β stability as well as the distinct deformation mechanisms. None of the alloys comprising Cr fail up to 100 kN (the load capacity used) and all show impressive plasticity (~75%) and superior maximum compressive strength (~4.5 GPa) at 100 kN. Moreover, the deformation bands, which are found around the hardness indentations, are analyzed for all the investigated alloys. The fracture behaviors of the Ti-25Nb-8Zr-xCr alloys are also studied to observe the characteristics related to crack propagation, plastic deformation and the formation of shear bands.
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Materials and Design j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m a t d e s been employed due to their unique performance of high strength, low Young's modulus, superior plasticity, high density, enhanced formability, high corrosion resistance and low bio-toxicity [1] [2] [3] . Among the previously investigated alloys, β type Ti alloys have explicitly received more attention due to their balanced combination of mechanical properties [4] [5] [6] . Presently, the conventional metallic alloys such as stainless steel, cobalt-chromium (Co-Cr), commercially pure Ti and Ti-6Al-4V are being used in the field of biomedical implants; nonetheless these alloys have some limitations such as bio-incompatibility, high stiffness, high toxicity, and poor corrosion resistance behavior [7, 8] . The so-called "stress shielding" phenomenon is prominent in these conventional biomaterials where the stiffness of these biomaterials is higher than that of the surrounding bone tissue [9] [10] [11] . This has necessitated the development of improved biomedical implant materials [12] . Primarily, an improved β phase stability is important in designing Ti alloys with enhanced properties to overcome the stress shielding issue [13, 14] . β Ti alloys have lower stiffness than that of other multi-phase Ti alloys because β Ti alloys possess body-centerd cubic (bcc) crystalline structure [15] . Furthermore, the effective cold forming attribute of β Ti alloys minimizes their manufacturing cost [16] . Metastable β Ti alloys persistently show an effective balance between strength and ductility through the variation of different deformation mechanisms, such as mechanical twinning, stress-induced martensite (SIM) and dislocation slip as a function of β phase stability [17, 18] . The phenomena of mechanical twinning and/or SIM transformation induce large ductility through high strain hardening rate and low yield strength, whereas the dislocations slip impels lower elongation and high yield strength [19, 20] . Adequate amount of β stabilizing elements (e.g. Nb, Ta, Mo, Mn, Fe, Cr) enhance the β stability of Ti alloys [21, 22] . Therefore, the selection of alloying elements and their quantities are certainly important in the development of enhanced Ti alloys.
In the last decade, considerable endeavors have been made to develop new β Ti alloys with reduced Young's modulus and enhanced superelasticity for biomedical implant applications. Nonetheless, the β Ti alloys, which have been developed until now, have demonstrated poor ductility and insufficient strain hardening as compared to Co-Cr alloys and stainless steel. These drawbacks restrict their use in advanced applications where an effective combination of ductility and strength is required [23] . Currently, researchers are focusing on designing a new family of Ti alloys comprising the combination of enhanced ductility and significant rate of strain hardening [24, 25] . Morinaga et al. [26] [27] [28] have originally formulated the DV-Xα strategy for estimating the stability of β phase in Ti alloys. However, many researchers have used this DV-Xα design principle to develop new metastable β Ti alloys having simultaneous SIM and twinning deformation mechanisms [17] . Although the number of β Ti alloys have been developed through DV-Xα cluster method with the compositions to be spotted on the twinning/SIM region in Bo -Md diagram ( Bo : the average bond order; Md: the average d-orbital energy level (Md)) and those alloys have also confirmed the actual formation of twinning/SIM mechanisms [19] . Nonetheless, some discrepancies between the spotted location of an alloy in Bo-Md map and actual deformation mechanism obtained have also been reported [19] . A new predictive approach has recently been developed for the prediction of different deformation mechanisms of β-Ti alloys [19, 29] . Therefore, the aforementioned theoretical design approaches have been used in this work to estimate the β phase stability and compare the various deformation mechanisms.
In pursuit of resolution to the strength-ductility trade-off dilemma in Ti alloys, the optimal combination of elements for designing quaternary group of Ti alloys was selected in this work. In order to attain an improved combination of optimal mechanical properties, niobium (Nb), chromium (Cr) and zirconium (Zr) have been selected in this work from β-isomorphous, β-eutectoid and neutral elements, respectively. Nb in Ti alloys shows superior traits such as effective shape memory and superelastic behavior, low Young's modulus, high biocompatibility and corrosion resistance, which are some essentials for biomedical applications [8] . According to some reported studies, the content of Nb in Ti alloys reduces its elastic modulus and increases the β stability [30] . Zr typically resides in the same group with Ti and the content of Zr suppresses the martensitic transformation in β Ti alloys with minimum variation in the lattice deformation strain [31, 32] . The quantities of Zr close to 8 wt% completely suppress the formation of ω phase in Ti alloys [33] . Cr has been selected as one of the alloying elements because it is a low-cost strong β stabilizer. Cr also regulates the anodic activity of Ti and also increases its propensity to passivate, thereby enhancing corrosion resistance of Ti [34, 35] . Furthermore, the addition of Cr as an alloying element suppresses the formation of athermal ω phase in Ti alloys [8] . Gao et al. [36] reported that Ti-Cr alloys possess the effect of twin-induced plasticity, resulting in large elongation and increased yield strength. Li et al. [37] alloyed Cr with Ti-29Nb-13Ta-4.6Zr to reduce its springback via deformation induced ω transformation.
In this work, the Ti-25Nb-8Zr-xCr (x = 0, 2, 4, 6, 8 wt%) alloys were initially designed on the basis of e=a-Δr diagram and DV-Xα cluster method [19, 26] . Further, molybdenum equivalent (Mo eq ) has also been taken into consideration when designing the novel Ti-25Nb-8Zr-xCr alloys. To the best of our knowledge, the effects of Cr content on mechanical properties and microstructures of Ti-Nb-Zr alloys have not yet been evaluated. Thus, this work systematically investigates the microstructure, mechanical properties and deformation behavior of the Ti-25Nb-8Zr-xCr alloys, with the variation in the quantities of Cr from 0 wt% to 8 wt%. Moreover, the deformation bands observed around Vickers indentions of the Ti-25Nb-8Zr-xCr alloys have also been analyzed.
Materials and methods
The Ti-25Nb-8Zr-xCr (x = 0, 2, 4, 6, 8 wt%) alloys are hereafter shortened as TNZx (where x is the weight percent of Cr). For instance, Ti-25Nb-8Zr was shortened as TNZ0, Ti-25Nb-8Zr-8Cr was shortened as TNZ8, and so on.
Rationale theoretical design for the novel Ti alloys
The TNZx alloys were theoretically designed on the basis of approach established by Morinaga et al. [26] known as DV-Xα cluster strategy which is widely used to predict β phase stability and deformation mechanism for the designed Ti alloys based on the two electronic parameters [38] i.e. the bond order (Bo) and the d-orbital energy level (Md) [28] . Bo represents the overlap population between the atomic orbitals of parent element and alloying elements [39] . The overlap population is in proportional relationship with covalent bond strength between a parent element and other alloying elements [39] . Whereas, Md correlates the atomic radius and electronegativity of alloying elements [8] . Md remains in proportional relationship with atomic radius of an element, while it remains in inverse relationship with electronegativity of an element [39] . The average values of Bo and Md for the TNZx alloys were evaluated by the respective formulae suggested in Ref. [40] . Additionally, a new semi-empirical approach developed by Wang et al. [19] was used to design novel group of TNZx alloys. This approach was developed on the basis of two parameters, i.e. the valence electron concentration (e/a) and the atomic size difference (Δr). This approach involves plotting of their compositional average on e=a-Δr diagram [19] . The values of e=a and Δr for the Ti-25Nb-8Zr-xCr alloys were estimated using the Eqs. (1) and (2) [19] .
where c i , r i and e i are the atomic fraction, atomic radius and valence electron number of the ith atom, respectively. Mo eq is also a significant parameter for theoretically ensuring the β phase stability and estimating various deformation mechanisms. Mo eq can be calculated using the equation of Mo eq suggested in Ref. [7] . The calculated-values of Bo, Md, e=a , Δr and Mo eq for the TNZx alloys are summarized in Table 1 .
Experimental procedure
The TNZx alloys were manufactured from the mixtures of 99.9% pure Ti, Nb, Cr and Zr metals through cold crucible levitation melting (CCLM) method under an argon atmosphere. The CCLM furnace is a kind of induction melting furnace consists of water cooled crucible, which is made from high purity cooper segments. Ti is chemically reactive in molten form, consequently, at higher temperatures this trait leads to the problem of inhomogeneity [12] . In order to obtain the homogeneity in chemical compositions, CCLM furnace uses electromagnetic force for producing diffusion mixing with strong stirring that can effectually melt alloying elements without any inhomogeneity and contamination [41, 42] . After strong mixing and melting, rapid quenching of each alloy was carried out in the water-cooled copper crucible. The investigated alloys were cast in the form of ingots rather than directly cast in the form of cylindrical bars. As such, cylindrical rods with 5.3 mm in diameter were prepared for each alloy using wire electrical discharge machining from the core of the corresponding cast ingot for all the type of analyses presented in this work. Therefore, cooling effect does not affect the microstructure as the cylindrical rods were taken from core of the ingots. On the other hand, the length of approximately 5 mm at the top and bottom of the cylindrical rods were also not used in all the types of analyses presented in this work. After taking out the cylindrical rods from ingots, the cylindrical rods were cut using a Buehler Isomet 1000 to obtain several specimens for the analyses of microstructures, phase characterization and mechanical properties.
The microstructural investigations of the TNZx alloys were characterized by performing scanning electron microscopy (SEM) for capturing microstructural images using a FEI verios XHR 460 microscope. Prior to microstructural investigations, all the specimens were ground using silicon carbide papers up to 2000 grits and subsequently specimens were polished using a suspension liquid of Struers OP-S colloidal silica on a Struers MD-Chem polishing pad. Later, specimens were cleaned using an ultrasonic cleaner and finally the Kroll's reagent (30 vol% nitric acid, 5 vol% hydrofluoric acid and 65 vol% water) was used to etch the surface of specimens. The quantitative analysis for all the investigated compositions was performed from energy dispersive X-ray spectroscopy (EDX). The oxygen contents on multiple samples of each alloy (about 0.1 g after cleaning) were obtained for all the investigated TNZx alloys by hot gas extraction followed by mass spectrometry using a LECO Analyzer ONH 836.
The phase characterization in the TNZx alloys were carried out by Xray diffraction (XRD) using a PANalytical EMPYREAN diffractometer operated at 40 kV and 40 mA with a Co-kα radiation (λ = 0.1789 nm). The XRD profile of each alloy was acquired in a 2θ range from 30°to 110°at a scan rate of 0.011°/s with a step size of 0.013°. The lattice parameter of bcc β phase (ɑ β ) was evaluated using the Bragg's formula (Eq. (3)) [8] :
where λ is wavelength, (h, k, l) are the miller indices of the diffraction planes and θ is the Bragg angle. Further, the precised ɑ β for TNZx alloys was estimated using Nelson-Riley's extrapolation function i.e. ((cos 2 θ/sinθ) + (cos 2 θ/θ)) [8] . Structural and phase information were characterized using JCPDS powder diffraction files.
The analyses of mechanical properties were carried out using uniaxial compression and Vickers micro-hardness testing. Cylindrical specimens were prepared by grinding both facets to keep them flat and maintaining the length to diameter ratio of around 1.8 as per ASTM E9 standard. Three compression tests for all the TNZx alloys were performed at ambient temperature on prepared cylindrical specimens at a cross head speed of 0.1 mm/min using an Instron 5982 universal testing machine having 100 kN load capacity. The 0.2% offset method was used to estimate compressive yield strength from engineering stressstrain curves. The values of true stress and true strain for the TNZx alloys were evaluated from engineering stress and engineering strain for compressed specimens using the equations mentioned in Ref. [43] . Further, the rate of strain hardening for each alloy was evaluated using the Eq. (4) [44] .
where ∂σ T is true stress and ∂ℇ P is true plastic strain. Fracture analyses were performed on the specimens undergone the compression tests. FEI Verios XHR 460 scanning electron microscope was used to get information about deformation, crack features and shear band formations. Vickers micro-hardness were performed on polished samples of the TNZx alloys using Zwick Roell ZHU microhardness tester. Ten indentations were taken at different places covering the maximum surface area of the specimen with a dwell time of 30 s and at a load of 5 kgf. To investigate the elasto-plastic deformation mechanisms, Zeiss Axiocam optical microscope was used. Table 2 presents the quantities of alloying elements present in the alloy compositions (in wt%) and the oxygen content (in wt%) present in all the as-cast Ti-25Nb-8Zr-xCr alloys. The results of nominal and measured chemical compositions are almost identical, with the minimal amount of oxygen content found for all the TNZx alloys. Table 1 The values of Bo, Md, e=a, Δr (Å) and Mo eq (wt%) for all the as-cast Ti-25Nb-8Zr-xCr alloys.
Results and discussion

Microstructure and phase analyses
Alloys
Chemical phase. The diffraction peaks of bcc Cr-containing Ti alloys shift towards higher 2θ angles upon increasing the Cr content. This is evident due to smaller atomic radius of Cr as compared to Ti [41] . The calculated ɑ β values for TNZ0, TNZ2, TNZ4, TNZ6 and TNZ8 are found to be 0.3307, 0.3293, 0.3283, 0.3274 and 0.3264 nm respectively. The ɑ β of bcc Ti alloys comprising Cr reduces as content of Cr increases in the as-cast alloys because the atomic radius of Cr is smaller than Ti [41] . The ɑ β of TNZ0 alloy is 0.3307 nm which is slightly higher than that of standard bcc Ti (0.3306 nm) due to presence of Zr as it has higher atomic radius as compared to Ti [45, 46] . The orthorhombic α″ is found in the TNZ0 alloys because of martensitic transformation which occurs after rapid quenching [47, 48] . The cooling rate plays a significant role in phase transformation from β → α″ phase when alloys solidify from high temperature [49] . It was widely reported that, after rapid quenching of Ti alloys, β phase may transform into different phases, i.e. α″, α′, α and ω phases [15, 49] . It can be noticed that only bcc β peaks are evident on the XRD profiles of the as-cast Cr-containing alloys. It is well known that Cr is a strong β stabilizer [8, 50] and therefore, it substantially enhances the β stability by adding only 2% of Cr in the TNZx alloys. It was reported that the existence of ω phase (Space group: P6/mmm, PDF card no: 00-051-0631) can be detected by XRD at low scanning speed of 0.5°/min [11, 34] . Accordingly, the XRD curves of the TNZx alloys acquired at slow scan speed of 0.011°/s with a step size of 0.013°i n this work, which could also detect the ω phase if it exists in the studied alloys. According to PDF card no: 00-051-0631, ω phase is associated with the XRD peaks having hkl = 001, 111, 002, 112. In the present work, none of the aforementioned XRD peaks are found for the investigated alloys. Therefore, ω phase is not expected or has trace amount in all the investigated TNZx alloys. The microstructure images of the TNZx alloys are shown in Fig. 2 . Only the TNZ0 represents the two phases, i.e. bcc β and orthorhombic α″ phases, whereas the Cr-containing TNZx alloys, i.e. TNZ2, TNZ4, TNZ6 and TNZ8 predominantly constitute the full β phase. Therefore, β is a leading phase in the microstructures of all the TNZx alloys. Moreover, an equiaxed structure of the bcc β phase can be clearly observed with the β grain boundaries in the SEM images of all the TNZx alloys. Further, the dendritic substructure, which usually occurs during solidification [51] , can also be visible inside the β equiaxed grains in all the studied alloys. It can be noted that, the two kind of contrast happen in Fig. 2b -e for TNZ2, TNZ4, TNZ6 and TNZ8 respectively due to dendritic sub-structure which is present inside the β grains. By constrast, in Fig. 2a , needles of α″ phase are also evident in the microstructure along with the contrast effect produced by dendritic sub-structure of the β grains. The evident peaks related to α″ phase are also found in the XRD profile of TNZ0. A high-magnification BSE inset image has been placed in Fig. 2a to clearly show the acicular structure of α″ phase. Based on the results of microstructure and phase characterization, TNZ0 contains dual phase, i.e. β and α″ phases, while the remaining alloys (TNZ2, TNZ4, TNZ6 and TNZ8) contain single β phase. Moreover, EDX mapping results (not shown herein) show that the Cr has homogeneously distributed in the alloys for all the investigated alloys.
Mechanical properties
It is known that the microstructural characteristics and their corresponding V f constitutes in Ti alloys influence their mechanical properties [15, 52] . Therefore, to investigate the influence of different compositions on the mechanical performance of the designed Ti alloys, compression testing at room temperature and Vickers micro-hardness tests were conducted. Fig. 3 demonstrates the compressive engineering stress-strain curves taken for the TNZx alloys at room temperature. The stopping criterion for the compressive tests was either the alloy failed or when the compression testing machine reached 100 kN (the load capacity of the mechanical machine). It can be noticed from Fig. 3 that all the studied TNZx alloys except for the TNZ0 exhibit very large plastic strain and do not fail until the 100 kN is reached. Note that, the addition of Cr significantly enhances the mechanical properties (strength and plasticity) of the TNZx alloys. Fig. 3 inset shows the difference in specimen-size before and after compression testing for TNZ8. A small shear crack (after the compression test) on the specimen-surface of TNZ8 can also be seen in Fig. 3 inset because the definite fracture has not occurred in any Cr-containing TNZx alloys, until the load reaches 100 kN in compression testing. Fig. 4 shows the relationship between yield strength (σ 0.2 ) and Hardness (H) of the TNZx alloys. In this work, both σ 0.2 and H change in a same fashion as both have a proportional relationship with each other [8, 53, 54] . It is clear from Fig. 4 that the values of σ 0.2 and H increase gradually with increasing the Cr content in the studied alloys. The values of σ 0.2 for the Cr-containing alloys vary from 385 ± 44 MPa to 773 ± 28 MPa. Further, the values of H for the Crcontaining alloys vary from 1.94 ± 0.05 GPa to 2.63 ± 0.06 GPa. Such an increasing trend of σ 0.2 and H for the TNZx alloys is positively influenced by the effect of solid-solution strengthening [55] . The phenomenon of solid-solution strengthening occurs as per the well-known Hume-Rothery rule due to adding low atomic radius (solute) element, i.e. Cr in the investigated alloys [41] .
It is of worth noting from Fig. 5 that the addition of Cr significantly enhances the plastic strain and maximum compressive strength obtained at 100 kN for all the studied alloys. Among the investigated alloys, TNZ0 exhibits the lowest plastic strain (28 ± 0.5%) as it consists Table 2 The quantities of alloying elements (in wt%) and the oxygen content (in wt%) present in the as-cast Ti-25Nb-8Zr-xCr alloys.
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Chemical of α″ phase along with β phase. Whereas, all the Cr-containing alloys display superior plastic strain (~75%) and maximum compressive strength (~4.5 GPa) at 100 kN, because the Cr has enhanced the β phase stability and thus suppresses the α″. Accordingly the mechanical properties (both strength and plasticity) of all the investigated Crcontaining TNZx alloys are significantly enhanced [15] . In the present work, the mechanical properties are influenced by the addition of Cr.
Moreover, all the investigated alloys show equiaxed β grains and the size of the β grains decrease as the content of Cr increases in the TNZx alloys. However, it is difficult to measure the accurate average size of the β grains as the size of the β grains is greater than around 300-500 μm in all the investigated alloys. It can be inferred based on the points discussed above that the mechanical properties are affected due to the content of solute element (i.e. Cr) and due to the effect of grain boundary strengthening. This shows that difference in dendritic structure do not contribute in the variation of mechanical properties for all the investigated alloys. Fig. 6 presents the compressive true stress-strain curves obtained at room temperature for the TNZx alloys. It can be observed from Fig. 6 that the true stress-strain curves comprise multiple peaks of stress oscillations and these curves include four stages: (I) elastic stage, (II) first strain hardening stage, (III) strain softening stage and (IV) second strain hardening stage as presented in Fig. 6 inset only for TNZ4 as an example to show the four stages. Such kind of multiple-peak oscillations have also been reported in the previous work on Ti-Nb-Ta-Zr-O alloy during straining [56] . The first strain hardening stage occurs based on the dynamic Hall-Petch effect, which shows that α″ martensite and twinning deformation produce new sharp interfaces due to continuous subgrain division. These interfaces would also restrict the dislocation motion and minimize the dislocation mean free path, thereby causing increased rate of strain hardening [57, 58] . The strain softening is produced due to the effect of stress relaxation in which stress intensity reduces when the specimen is loaded for quite long period of time at constant strain rate [59] . Second strain hardening stage occurs due to the formation of shear bands [56, 60] . As such, at the end of compression test, a high intensity of shear stress remains in the specimen and the deformation mechanism alters into the formation of shear bands [56] . Fig. 7 illustrates the relationship between strain hardening rate (θ) and true plastic strain (ɛ p ) for the TNZx alloys. The inset presented in Fig. 7 is for TNZ4 only as an example to show the variation in θ. The ∂σ T /∂ɛ p for TNZx alloys containing Cr comprises, the first strain hardening stage (before point A), the strain softening stage (between points A and B) and the second strain hardening stage (after point B). It is clear from inset Fig. 7 that ∂σ T /∂ɛ p b 0 during strain softening stage, ∂σ T / ∂ɛ p N 0 during strain hardening stages and ∂σ T /∂ɛ p ≈ 0 at points A and B. Notably, the θ increases by adding 2 wt% Cr in the TNZ0 alloy (i.e. the TNZ2 alloy) (5 GPa) during first stage of strain hardening. This occurs due to the activation of twin deformation mechanism [36, 61, 62] . The second strain hardening stage occurs due to the formation of shear bands. Therefore, TNZ4 demonstrates the highest rate of strain hardening (0.65 GPa) in the second stage among the investigated TNZx alloys because the highest plasticity is also found in TNZ4 among all the studied alloys [56] .
The elasto-plastic deformation
The elasto-plastic deformation behavior can be analyzed effectively by studying the deformation patterns around the Vickers indentation [62] . Typically, there are three forms of morphologies formed around micro-hardness indentations of an alloy (i.e. "Sink-in", "pile-up" and "crack") [53] . The formation of deformation bands, extrusion and cracks may occur during hardness testing around the impression of an indenter [53] . While performing indentation in hardness testing, the deformation of material around the edge of an indenter takes place due to both the shear and normal stress components, whereas the deformation around the corners emerges because of normal stress components only which remains the cause of crack formation [53] . The wavy and straight morphologies of deformation bands around the hardness indentation can be used to determine the boundaries between slip and twin mechanism in Bo-Md map [39] . Wavy slip bands form around indentation when slip mechanism is dominant and straight twin bands form around indentation when twin mechanism dominates the deformation of a material [39] . Fig. 8 displays the optical micrographs which were captured around the micro-hardness indentations of the TNZx alloys. No crack morphology is found on the corners of an indenter for all the investigated alloys as all show significant plasticity in compressive testing as shown in Fig. 6 . Hence, few deformation bands are obtained around the hardness indentation for TNZ0 ( Fig. 8a) , because it has the lowest plastic deformation strain among the investigated alloys. A substantial increase in the number of bands can be clearly observed from Fig. 8b after addition of 2 wt% Cr in the TNZ0 alloy. As such, the morphology of the bands around the indentations of TNZ2 is straight twin, which represents that twin mechanism is dominant in the deformation of TNZ2 alloy [39] . In Fig. 8c , more wavy slip bands are observed along with a few straight twin bands, which represents the activation of twin + slip deformation mechanism in the TNZ4 alloy [39] . It can be clearly seen from Fig. 8d -e that only wavy slip bands are formed around the indentations, which indicates that slip mechanism is dominant in the defamation of both TNZ6 and TNZ8 alloys [39] . Table 1 , are plotted in the Bo-Md map. It is clearly observed from Fig. 9 that TNZ0 is located in the martensite region, TNZ2 is placed in the twin region, TNZ4 is almost on the boundary of slip/twin, while the rest alloys (i.e. TNZ6 and TNZ8) are located in the slip region. Deformation mechanisms can also be estimated by plotting the e=a and Δr values of the studied alloys in e=a-Δr diagram as suggested by Ref. [19] .
In this work, the values of e=a and Δr (Table 1) for all the TNZx alloys and some other studied Ti alloys in literature are plotted in Fig. 10 in order to investigate the deformation mechanism through e=a-Δr diagram. All the plotted alloys are in good agreement with the predicted deformation mechanisms as suggested by e=a-Δr diagram. Fig. 10 predicts the twin or SIM mechanism for TNZ2 and TNZ0, slip + twin mechanism for TNZ4 and slip mechanism for TNZ6 and TNZ8. Furthermore, Kolli et al. [63] studied the influence of the values of Mo eq on the various deformation mechanisms for Ti alloys and found that the deformation mechanisms change in the sequence of α′ → α″ → ω + twinning → twinning + Slip → Slip as increasing the values of Mo eq [63] . The values of Mo eq for the studied TNZx alloys (as shown in Table 1 ) suggest the similar trend as suggested by Ref. [63] . As a result, the deformation mechanisms predicted by the Bo-Md diagram and e=a-Δr diagram are in good agreement with that by morphologies of deformation bands around the micro-hardness indentations for the studied TNZx alloys.
Fracture analyses
It is known that shear bands are the localization of high shear strains which cause the occurrence of deformation bands along the direction of maximum shear stress [64] . Prior to the formation of shear bands, a material typically experiences a yielding and deformation twinning followed by plastic deformation [65] . Thus, analyses of shear bands were performed on the samples prepared metallographically for the investigated Cr-containing Ti alloys at the same load limit (at 100 kN). The features of these analyses are presented in Fig. 11 . TNZ0 is not included in this analysis as the TNZ0 fails before reaching the 100 kN in compression testing. Hence, for analyzing the shear bands at the same load limit, the compression tests were stopped at 100 kN in the present work. Shear bands can be clearly noticed in Fig. 11a-d . In Fig. 11b , thick shear bands can be observed in TNZ4, which indicates that a large plastic deformation occurs in TNZ4 alloy and as a consequence TNZ4 relatively displays the largest plastic strain [41, 66] . Fig. 12 shows the SEM images of fractographic morphologies captured on the deformed outer surfaces of the tested specimens for the investigated TNZx alloys. The shear crack angle between the fracture plane and compressive loading direction is almost 45°which indicates that cracks form in a shear mode [16] . There is a minor shear crack on the outer surfaces of the Cr-containing alloys. Fig. 12 shows the SEM fractographic images for the deformed Cr-containing TNZx alloys together with TNZ0. Fig. 12a displays the flat main fracture in TNZ0 which demonstrates a transgranular fracture. Further, the cracks can be observed on the fractographic image of TNZ0. On the other hand, Fig. 12b -e displays that the fracture is not observed in the deformed samples of all the investigated Cr-containing TNZx alloys since these alloys do not fail in mechanical compression testing. Nonetheless, many shear bands are observed in all the deformed Cr-containing TNZx alloys. Therefore, all of the investigated Cr-containing TNZx alloys possess a significantly large plasticity. The fractographic results are in line with the studied mechanical properties of TNZx alloys.
Conclusions
The present work investigates the microstructural characteristics, the mechanical properties, the elasto-plastic deformation and deformation behaviors for the newly-designed Ti-25Nb-8Zr-xCr (x = 0, 2, 4, 6, 8 wt%) alloys, which were designed based on DV-Xα cluster method and e=a-Δr diagram. The following concluding remarks can be made from the results presented.
• The Ti-25Nb-8Zr alloy displays a dual-phase (bcc β and orthorhombic α" phases) microstructure while the Cr-containing Ti-25Nb-8Zr-xCr alloys predominantly comprise a single bcc β phase in microstructure. • All the Cr-containing alloys do not fail in the compression tests performed up to the load capacity at 100 kN. All the Cr-containing alloys exhibit impressive maximum compressive strength (~4.5 GPa) and superior plastic strain (~75%). Both hardness (1.91 GPa to 2.63 GPa) and yield strength (382 MPa to 773 MPa) increase as the Cr concentration increases in the Ti-25Nb-8Zr-xCr alloys. Enhanced strain hardening rate (5 GPa) is achieved in Ti-25Nb-8Zr-2Cr alloy. • The predicted deformation mechanisms based on deformation bands investigated around micro-hardness indentations, Bo-Md diagram and e=a-Δr diagram are in line with each other for the investigated Ti-25Nb-8Zr-xCr alloys. Moreover, the results of the fracture analyses and the mechanical properties for the investigated alloys are also in good agreement with each other.
• Among all the as-cast alloys, the Ti-25Nb-8Zr-2Cr and Ti-25Nb-8Zr-4Cr alloys exhibit significant strain hardening and superior plasticity. Both alloys can be potentially used in advanced biomedical and structural applications.
